INTRODUCTION
Phospholipases A # (PLA # s ; EC 3.1.1.4) catalyse the hydrolysis of the snk2 acyl bonds of snk3 phospholipids [1] , and are currently classified into 11 Groups on the basis of amino acid sequence similarity [2] . The hydrolysis of phospholipids by Group I\II PLA # s involves a His%)\Asp** pair in the catalytic site, which activate a structurally conserved water molecule, thereby initiating the nucleophilic attack on the snk2 position of the substrate. During catalysis, the tetrahedral intermediate is stabilized by a Ca# + ion cofactor, which is bound by the carboxyl oxygen atoms of Asp%* and carbonyl main-chain oxygens of the neighbouring calcium-binding loop [3, 4] . In the current consensus model of phospholipid hydrolysis, it is suggested that charge neutralization of the oxyanion intermediate alone is not sufficient to promote catalysis, and it has been proposed that an additional Ca# + ion acts as an auxiliary electrophile, polarizing the amide of the Cys#*-Gly$! peptide bond, which permits completion of the catalytic cycle [4] .
A sub-family of class IIB PLA # s have been purified from the venoms of several Asiatic and New World Viperid snakes, in which the Asp%* residue is replaced by lysine [5, 6] . Initial reports suggested that these Lys%*-PLA # s retained low levels of catalytic activity [7] [8] [9] [10] ; however, subsequent studies failed to detect hydrolysis of phospholipid substrates [11] [12] [13] [14] . Results from these later studies appeared to be supported by evidence from sitedirected mutagenesis, which demonstrated that the replacement of Asp%* with lysine in mammalian Asp%*-PLA # s effectively eliminates catalytic activity [15] [16] [17] . Nevertheless, hydrolytic activity against phospholipid substrates with an arachidonyl group at the snk2 position [18, 19] or in the presence of Abbreviations used : ASPC, 1-stearoyl-2-arachidonyl-sn-glycero-3-phosphocholine ; BthTx-I, bothropstoxin-I ; ITFE, intrinsic tryptophan fluorescence emission ; rBthTx-I, recombinant bothropstoxin-I ; CK, creatine kinase ; DMPA, dimyristroylphosphatidic acid ; EYPC, egg-yolk phosphatidylcholine ; (Lys 49 -/Asp 49 -)PLA 2 s, phospholipase A 2 s with either lysine or aspartate at residue position 49 ; R h , hydrodynamic radius. 1 To whom correspondence should be addressed (e-mail rjward!fmrp.usp.br).
BthTx-I, no substrate hydrolysis was detected with the wild-type recombinant enzyme or any of the mutants. In the case of the Lys%*Asp mutant, this demonstrates that the absence of catalytic activity in Lys%*-PLA # is not a consequence of the single Asp%* Lys replacement. Furthermore, these results provide unambiguous evidence that the Ca# + -independent membrane-damaging and myotoxic activities are maintained in the absence of hydrolysis. The evidence favours a model for a hydrolysisindependent, membrane-damaging mechanism involving an interaction of the C-terminal region of BthTx-I with the target membrane.
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polycations [20] has been reported more recently, and uncertainty remains as to the levels and specificity of catalytic activity of the Lys%*-PLA # s. Crystal structures of Lys%*-PLA # s have demonstrated that the ε-amino group of Lys%* is located in the position occupied by the Ca# + ion in Asp%*-PLA # s [21] [22] [23] [24] [25] [26] [27] , and it has been suggested that the reduction or elimination of catalytic activity results from either the re-orientation of the Cys#*-Gly$! peptide bond [21] , or reduced binding affinity of the Ca# + cofactor [6, 28] . However, the crystal structures of two Lys%*-PLA # s have recently shown the presence of a fatty acid molecule bound in the substrate-binding cleft of the protein [25, 27] . It was noted that the ε-amino group of Lys%* could be sufficient to neutralize the formal negative charge of the oxyanion intermediate [27] , and this has led to the suggestion that the ε-amino group of Lys"##, which is favourably orientated in the majority of the Lys%*-PLA # structures, may serve as an auxiliary electrophile in substrate hydrolysis [27] . It was suggested further that, following cleavage of the snk2 ester bond, Lys"## remains in position, thereby maintaining the Cys#*-Gly$! peptide bond in a hyper-polarized state and trapping the fatty acid product in the active site [27] . In this model, although the Lys%*-PLA # s might support phospholipid hydrolysis, they fail to release the fatty acyl product, resulting in an interrupted catalytic cycle [25, 27] . Thus alternative interpretations of the structural evidence have been used to justify the absence, reduction or interruption of catalytic activity in the Lys%*-PLA # s. The Lys%*-PLA # s demonstrate both Ca# + -independent membrane-damaging [29] [30] [31] and myotoxic activities [5, 32] ; however, the possible role of residual, interrupted or specific phospholipid hydrolysis in these activities is still an open question. With the aim of addressing these issues, we have adopted as a model system the toxin bothropstoxin-I (BthTx-I), a Lys%*-PLA # that is present in the venom of the Viperid snake Bothrops jararacussu [32] . An expression system in Escherichia coli for BthTx-I has been developed recently [33] , and here we describe the production and functional characterization of point mutants in the active-site and C-terminal regions, which have been used to evaluate and advance the current understanding of structure-function relationships in Lys%*-PLA # s.
EXPERIMENTAL Site-directed mutagenesis
A complete cDNA encoding BthTx-I has been isolated previously from venom gland cDNA by reverse transcriptase-PCR [34] (GenBank2 accession No. X78599). In order to express the protein, restriction sites for NcoI and HindIII at the 5h and 3h extremities respectively, together with a stop codon at the 3h end, were introduced by site-directed mutagenesis using the unique site-elimination protocol [35] . Sub-cloning of the NcoI I-HindIII fragment into the equivalent restriction sites of the expression vector pET3-d introduced an N-terminal Met-Ala extension of the translated protein sequence ; therefore this alanine codon was deleted by an additional round of site-directed mutagenesis. Nucleotide sequencing confirmed the desired final construct, in which Ser" of the BthTx-I is preceded by a methionine, and a stop codon immediately follows Cys"$$ (the amino acid numbering throughout this report is in keeping with that reported previously for mammalian pancreatic PLA # s ; [36] ). After linearization of this construct with ScaI, site-directed mutagenesis of the BthTx-I was performed by PCR mutagenesis [37] to introduce the single mutations His%) Gln (oligonucleotide 5h-GTAACAGCATTTCTGCACGTAGCAGC-3h), Lys%* Asp (5h-GTAACAGCAATCGTGCACGTAGC-3h) and Lys"## Ala (5h-GCAAAAAGGTGCCAGGTGATA-3h ; the changed bases are shown underlined). The PCR reactions were performed using oligonucleotides complementary to the vector sequences flanking the BthTx-I insert, which contained restriction sites for XbaI (5h-extremity) and BamHI (3h-extremity). After digestion with these enzymes, the final amplified fragments were sub-cloned into the equivalent sites in the expression vector pET3-d. All constructs were fully sequenced to confirm the introduction of the correct mutant and the absence of random mutagenesis resulting from a misreading of the DNA by Taq DNA polymerase.
Recombinant protein expression and purification
Of the growth medium [2.5 g of yeast extract\10 mM MgSO % (pH 7.5)\15 µg : l −" chloramphenicol\150 µg : l −" ampicillin], 150 ml was inoculated with E. coli strain BL21(DE3)pLysS transformed with the native or mutant constructs, and grown at 37 mC to a D '!! of 0.6. Recombinant protein expression was induced by addition of 0.6 mM isopropyl β--thiogalactoside (' IPTG '), and the culture was grown for an additional 5 h. Inclusion bodies were isolated from bacterial pellets by repeated rounds of sonication in 20 ml of lysis buffer [50 mM Tris\HCl (pH 8.0)\1 mM EDTA\1 % (v\v) Triton X-100], followed by centrifugation at 12 000 g. The protocol for the solubilization, refolding and purification by reversed-phase chromatography of recombinant BthTx-I was performed as described previously [33] .
Spectroscopic characterization
All measurements were performed in 20 mM Hepes, pH 7.0\ 150 mM NaCl at 25 mC. Far-UV CD spectra (200-250 nm)
were measured with a JASCO 810 spectrometer (JASCO Inc., Tokyo, Japan) using 2 mm path-length cuvettes and protein concentrations of 150 µg : ml −" (native) and 70 µg : ml −" (recombinant) BthTx-I. A total of nine spectra were collected, averaged and corrected by subtraction of a buffer blank. Intrinsic tryptophan fluorescence emission (ITFE) spectra were measured between 300 and 450 nm with an excitation wavelength of 295 nm using a Spectronic 8100C spectrofluorimeter (Spectronic Instruments, Urbana, IL, U.S.A.) and a protein concentration of 30 µg : ml −" . Excitation and emission slit widths were set at 4 nm with a photomultiplier tube voltage of 600 V, and all spectra were corrected by subtraction of a buffer blank. Protein hydrodynamic radius (R h ) was estimated by dynamic light scattering using a DynaPro MSTC014 (Protein Solutions, High Wycombe, Bucks., U.K.) at a protein concentration of 500 µg : ml −" . All solutions were passed through a 0.22 µm filter, and centrifuged at 10 000 g for 30 min before data collection. Data were acquired by accumulation of 82 scans of approx. 1.5 s, and the particle size distribution was calculated using the software package DYNAMCIS supplied with the instrument.
Release of entrapped fluorescent markers from liposomes
Membrane-damaging activity was evaluated by the release of the liposome-entrapped self-quenching fluorescent dye calcein. The loss of liposome membrane integrity results in dilution of the fluorophore with a consequent increase in the fluorescence signal [30, 38] . Liposomes composed of a 9 : 1 molar ratio of egg-yolk phosphatidylcholine (EYPC) : dimyristroylphosphatidic acid (DMPA) were prepared by reversed-phase evaporation in a buffer [150 mM NaCl\25 mM Hepes (pH 7.0)] containing 25 mM calcein (Sigma). The liposomes were passed through a 400 nm polycarbonate filter, and applied to a Sephadex G50 column (1 cmi8 cm) to separate the liposomes from the free calcein. Proteins and liposomes were mixed to a final protein : lipid molar ratio of 1 : 200, and the kinetics of membrane damage were monitored by the increase in fluorescence emission at 520 nm with excitation at 490 nm. The fluorescence signal was expressed as the percentage of total calcein liberation on addition of 5 mM Triton X-100.
Myotoxic activity
Protein (30 µg) in a total volume of 50 µl of PBS was injected into the gastrocnemius muscle of male Swiss mice (body weight 18-22 g). After 3 h, a blood sample was collected from the tail in a heparinized capillary tube, and the plasma was separated by centrifugation. The plasma creatine kinase (CK) activity was determined using 4 µl of plasma with the CK-UV kinetic kit (Sigma Chemical Co.), following the manufacturer's instructions. Plasma CK activity was expressed in units : l −" , where one unit is defined as the amount of enzyme that produces 1 mM of NADH : min −" under the standard conditions used in the assay. Animals used as negative controls received 50 µl of PBS, and all results were expressed as the mean plasma CK activity in a minimum of five experiments.
Evaluation of catalytic activity
Hydrolysis of phospholipids at the snk2 position generates lysophospholipids and free fatty acids, which results in a decrease in the pH of the solution. The pH decrease was monitored by the decrease in absorption of Phenol Red (Merck) at 558 nm caused by protonation of the conjugate base [39] . EYPC (Calbiochem, San Diego, CA, U.S.A.) at a concentration of 300 µM solubilized in 4 mM cholate was used as substrate, with a final Phenol Red concentration of 45 µM. Reaction kinetics in 150 mM NaCl at pH 7.5, in both the presence and absence of 10 mM CaCl # , were monitored by measuring the absorption change at 558 nm after rapid mixing using an Applied Photophysics SX.18MV stoppedflow apparatus (Leatherhead, Surrey, U.K.) operated in the absorption mode. After the initial power-up, the instrument was left idle for a period of at least 30 min, and subsequently all experiments were performed at 25 mC in a nitrogen environment. Control experiments were performed using piratoxin III, a catalytically active Asp%*-PLA # purified from the venom of Bothrops pirajai under identical assay conditions. Catalytic activity was estimated directly from the kinetics of the change in absorption by calculation of concentration changes of the Phenol Red conjugate acid using the Henderson-Hasselbach equation, assuming a pK a of 7.6 and a molar absorption coefficient (ε) at 558 nm of 60 580 M −" : cm −" for Phenol Red, and an optical path length of 0.2 cm.
RESULTS
The three-dimensional structure of the native BthTx-I has been determined previously [23] , and Figure 1 shows a ribbon representation of the dimeric form of the protein. The inset to Figure 1 illustrates details of the active site and C-terminal regions, showing the side chain orientations of the Lys%* and Lys"## residues, which are situated on opposite sides of the Ca# + -binding loop. The ε-amino group of the Lys%* side chain forms hydrogen bonds with the main-chain carbonyl oxygen atoms of residues Asn#) and Gly$!, whereas the ε-amino group of Lys"## forms a hydrogen bond with the main-chain carbonyl oxygen of Cys#*. The combination of the hydrogen-bonding patterns of these two lysine residues is conserved in the majority of the Lys%*-PLA # crystal structures solved to date [13, [23] [24] [25] [26] [27] , and results in the main-chain amide NH of Gly$! being orientated towards the solvent-exposed cleft formed by the active-site region. The position and orientation of the His%) residue, together with the Asp**, Tyr&# (also shown in Figure 1 ) and other residues in the catalytic network, are highly conserved among the class I\II Asp%* and Lys%*-PLA # s [21] . The conservation of these key elements of the catalytic apparatus has been used as structural evidence to support a role for phospholipid hydrolysis in the biological functions of Lys%*-PLA # s [27] , and one of the principal aims of this study was to evaluate this suggestion using sitedirected mutagenesis of selected residues in this region.
The expression and refolding method [33] has been applied to obtain both wild-type and mutant recombinant BthTx-I, with excellent reproducibility. Site-directed mutagenesis in the activesite region might result in structural perturbations of the molecule : therefore all recombinant proteins were evaluated and compared with the native BthTx-I purified from B. jararacussu venom using a series of spectroscopic techniques. As presented in Figure 2 (A), the CD spectra of the native and all recombinant proteins are essentially identical, confirming that the secondary structure is conserved during the refolding and purification processes. A single tryptophan residue at position 77 contributes to the intermolecular contacts that stabilize the BthTx-I dimer, and the fluorescence signal from this residue is highly sensitive to tertiary structural changes at the interface region [23, 38, 40] . The ITFE spectra of the native, recombinant wild-type and mutant BthTx-I proteins are shown superimposed in Figure 2 (B), which demonstrates that the micro-environments of the tryptophan residues, and therefore the tertiary structure of the dimer interface region, are conserved in all protein samples. BthTx-I forms stable homodimers at pH 7.0 [33, 38] , and the dynamic light-scattering experiments demonstrate R h values of between 1.62 and 1.66 nm for the recombinant wild-type and mutant proteins, which are similar to the value of 1.66 nm identified for native BthTx-I. This R h value corresponds to a molecular-mass range of 26.7-27.4 kDa, which is in close agreement with the calculated value of 27.4 kDa for the molecular mass of the BthTx-I dimer, assuming a molecular mass of 13.7 kDa for the monomeric form [14, 34] . The results of these spectroscopic experiments dem- onstrate that the secondary, tertiary and quaternary structures of the native, recombinant wild-type and mutant rBthTx-I proteins are indistinguishable. This conclusion is in agreement with previous site-directed mutagenesis results in bovine pancreatic class II Asp%*-PLA # , which also demonstrated that mutations in the active-site region do not perturb significantly the global structure of the protein [16, 41] .
In addition to the spectroscopic characterization, the biological activities of the recombinant and native proteins were compared, and Figure 3 presents the myotoxic activity as monitored by the increase in plasma levels of CK. No significant differences in the myotoxic activities of the native BthTx-I, recombinant BthTx-I or the His%)Gln and Lys%*Asp mutants were observed, and these data provide further evidence that the native protein conformation is conserved in the recombinant protein. In the case of the Lys"##Ala mutant, the myotoxic activity is reduced by approx. 40 % ; however, it should be emphasized that the spectroscopic
Figure 3 Myotoxic activity of native, wild-type recombinant and mutant BthTx-I as measured by intramuscular CK release
Plasma levels of CK activity were measured after injection of 30 µg of native (Nat), wild-type recombinant (Rec) or mutant BthTx-I (as indicated in the Figure) . The plasma level of CK activity after injection of PBS is also shown. The results are presented as the meanspS.D. for at least five measurements.
Figure 4 Ca 2 + -independent membrane-damaging activity of native, wildtype recombinant and mutant BthTx-I as measured by entrapped fluorescent marker release
Release kinetics of the fluorescent marker calcein from liposomes composed of a 9 : 1 molar ratio of EYPC and DMPA induced by native ( ), wild-type recombinant (), Lys 49 Asp (=), His 48 Gln ($) and Lys 122 Ala (#) BthTx-I. The increase in the fluorescence signal on addition of protein (indicated by ' P ' in the Figure) was monitored at λ em l 520 nm with λ ex l 480 nm, and is presented as the percentage of total dye liberation after addition of 5 mM Triton X-100 (Tx-100).
characteristics of this mutant are unchanged in comparison with the other recombinant proteins used in this study. This result suggests that the effect on myotoxic activity observed in the Lys"##Ala mutant is functionally significant, and provides direct evidence that a structural motif in the C-terminal region of BthTx-I is a determinant of biological activity.
In addition to myotoxic activity, BthTx-I also damages artificial membranes via a Ca# + -independent mechanism, which, in contrast with other class II Asp%*-PLA # s, does not involve detectable phospholipid hydrolysis [30, 31] . Kinetic measurements of entrapped fluorescent marker release from liposomes for native and recombinant wild-type BthTx-I, together with the His%)Gln, Lys%*Asp and Lys"##Ala mutants, are presented in Figure 4 . The release kinetics of the native and recombinant wild-type proteins and the Lys%*Asp and His%)Gln mutants all revealed a rapid membrane-damaging activity, resulting in the release of 35-37 % of the entrapped fluorescent marker, and these kinetic properties are similar to those reported previously for Lys%*-PLA # s [29, 30, 38] . In contrast, the rate of marker release by the Lys"##Ala mutant was significantly reduced in comparison with the native protein, resulting in $ 19 % marker release over the time course of the experiment. These data suggest that the Cterminal loop region of the protein is important not only as a determinant of biological activity, but also plays a role in the Ca# + -independent membrane-damaging mechanism.
Results of the hydrolytic activity assay using a mixed phospholipid substrate are presented in Figure 5 , in which the upper panel shows the hydrolysis kinetics of EYPC by piratoxin-III, an Asp%*-PLA # from the venom of B. pirajai. The rate of free fatty acid release calculated using the Henderson-Hasselbach equation yielded a specific activity of 42.3 µmol : min −" : mg −" , and is similar to the value of 38.7 µmol : min −" : mg −" reported previously using the ' pH-stat ' technique with the same substrate [42] . In the absence of Ca# + (results not shown), the kinetics are indistinguishable from those the blank control experiment, in which substrate and buffer alone are mixed. The activity of native BthTx-I purified from the venom of B. jararacussu was measured in experiments over a long time course, in which a low level of hydrolytic activity was detected (approx. 0.2 µmol : min −" : mg −" ; inset to Figure 5, upper panel) , which was abolished in the absence of Ca# + . This result is in contrast with previous observations using the pH-stat method, in which no hydrolytic activity with the native BthTx-I was detected using the same substrate [32, 42] , and highlights the often-contradictory nature of reports concerning the hydrolytic activities of Lys%*-PLA # s purified from crude venoms. The observed dependence of the hydrolytic activity on Ca# + led us to speculate that, even after re-purification, the hydrolytic activity of trace contaminants of Asp%*-PLA # s present in the snake venom could be detected. This conclusion is supported by the hydrolysis kinetics results measured over a long period of time with the recombinant BthTx-I at a concentration of 100 µg : ml −" in the presence of Ca# + , in which no detectable hydrolytic activity was detected ( Figure 5, upper panel, inset) . These are the first reported results of a hydrolytic activity assay for a recombinant form of Lys%*-PLA # which, on the basis of the sensitivity of the technique, limits the hydrolytic activity of BthTx-I to 0.002 µmol : min −" : mg −" under the experimental conditions described. The results of hydrolytic activity assays with the His%)Gln, Lys%*Asp and Lys"##Ala mutants are also presented in the lower panel of Figure 5 . No phospholipid hydrolysis was detected in the presence of Ca# + with any of the mutants ; indeed, experiments performed over a long time period (1000 s) with all recombinant proteins produced kinetic traces that were indistinguishable from that of the control experiment in the absence of protein.
DISCUSSION
The availability of a simple and reproducible refolding protocol for BthTx-I [33] has, for the first time, enabled a critical evaluation of the current understanding of the structural basis of several aspects of Lys%*-PLA # function using site-directed mutagenesis. Previous studies using Lys%*-PLA # s purified from crude venom extracts have provided inconclusive evidence with respect to the levels of hydrolytic activity [7] [8] [9] [10] [11] [12] [13] [14] [18] [19] [20] and, consequently, the question concerning the potential biological role of catalytic activity of the Lys%*-PLA # s is a recurrent issue [44, 45] . We have developed a sensitive detection assay for PLA # on the basis of the decrease in absorption of Phenol Red on liberation of free fatty acids. The sensitivity limit of the technique is determined by the optical drift over the time course of the experiment, and the time lapse between the instrument power-up and data collection, together with continuous purging with N # to eliminate slow absorption changes due to atmospheric CO # , have proven to be key factors in maintaining constant baselines. In long-time-base experiments, the optical drift could be limited to 0.001 absorption unit over a 1000 s time course, which yields a calculated lower detection limit for fatty acid production of 200 fmol : min −" . The sensitivity of the stopped-flow assay described here therefore compares favourably with hydrolysis detection by fluorescence [43] and pH-stat [16] techniques.
In Asp%* PLA # s the His%)\Asp** residue pair together with the Ca# + ion cofactor bound to Asp%* serve to stabilize the oxyanion reaction intermediate in the catalytic cycle [3, 4] . This mechanism has been tested extensively by site-directed mutagenesis studies, and it has been demonstrated that replacement of His%) with either asparagine or glutamine in mammalian Asp%*-PLA # s results in basal levels of hydrolytic activity [15] [16] [17] , and that replacement of Asp%* with lysine produces similar effects [17, 46, 47] . Comparison of several Lys%*-PLA # crystal structures with those of Asp%*-PLA # s shows a strict conservation of the side chain orientations of the His%)\Asp** pair, the Tyr&# and Tyr($ residues in the catalytic network, together with a water molecule, which is positioned correctly to act as the nucleophile in catalysis [13, 21, 22] . The Lys%*-PLA # crystal structures reveal further that the ε-amino group of Lys%* fills the volume occupied by the Ca# + cofactor in the Asp%*-PLA # s. We therefore reasoned that reversion of Lys%* to aspartate in BthTx-I would result in the completion of a His%)\Asp**\Asp%* motif, with the consequent appearance of Ca# + -dependent hydrolytic activity. However, the absence of hydrolytic activity observed in the BthTx-I Lys%*Asp mutant demonstrates that the completion of the catalytic motif fails to revert the hydrolytic function to that observed in the Asp%* PLA # s. This result demonstrates that the loss of hydrolytic activity in the BthTx-I is not the result of the single replacement of Asp%* with lysine, and implies that other structural factors play a key role in the loss of catalytic function. Indeed, amino acid sequence comparisons have revealed that Tyr#) and Gly$" in the active site and Ca# + -binding loop regions of Asp%*-PLA # s are replaced with Asn#) and Leu$" in the Lys%*-PLA # s [12, 55, 56] . It has been suggested that an interrupted catalytic cycle may increase the affinity of the Lys%*-PLA # s for both biological and artificial membranes, and that acylation of the protein might act as an activation mechanism for both the myotoxic [30] and the Ca# + -independent membrane-damaging activities [48] . The consensus model for the Asp%*-PLA # catalytic mechanism suggests that the Ca# + -induced stabilization of the oxyanion intermediate is enhanced by a supplementary electrophile, which polarizes and maintains the Cys#*-Gly$! peptide bond in the Ca# + -binding loop in an orientation which is favourable for catalysis [4] . Recent crystallographic studies have observed catalytically favourable orientations of the Cys#*-Gly$! peptide bond in the majority of Lys%*-PLA # crystal structures [13, [22] [23] [24] [25] [26] [27] , which raises questions as to the role of an auxiliary electrophile in the polarization of this bond in the Lys%*-PLA # s. It has recently been suggested that Lys"## situated in the C-terminal loop region in the Lys%*-PLA # s may act as such an electrophile, favourably orientating the Cys#*-Gly$! peptide bond and thereby permitting phospholipid hydrolysis [27] . Furthermore, it was proposed that the hyperpolarized peptide bond leads to an increased affinity for the head group of the fatty acyl product, which becomes trapped in the active site, resulting in an interrupted catalytic cycle [27] . We reasoned that if this is the case, then substitution of Lys"## would result in the loss of the interrupted catalytic cycle and a consequent decrease in the biological and membrane-damaging activities. Indeed, the Lys"##Ala mutant demonstrated both decreased myotoxic and Ca# + -independent membrane-damaging activities, which might be interpreted as supportive evidence for activation of BthTx-I via an interrupted catalytic cycle. Although no hydrolytic activity was observed in the Lys"##Ala mutant, caution must be exercised in eliminating a role for an interrupted cycle on the basis of this result, since a consequence of the failure of fatty acid release would be the absence of hydrolytic activity, as measured by any technique based on the detection of pH change.
This question was addressed by further mutagenesis of the BthTx-I active-site region. In Asp%*-PLA # s, the His%)Gln substitution effectively abolishes hydrolytic activity [17, 46, 47] , and provides key evidence in favour of charge transfer during hydrolysis. The results presented here show that, although the His%)Gln mutant of BthTx-I shows no catalytic activity, both the myotoxic and the Ca# + -independent membrane-damaging activities are unaffected. This demonstrates that the substitution of His%), and the consequent elimination of any possible catalytic activity, does not influence the activity of BthTx-I on either biological or artificial membranes. These results therefore provide strong evidence that the myotoxic and Ca# + -independent membrane-damaging activities of the BthTx-I do not involve hydrolytic activity, as part of either a complete or an interrupted catalytic cycle.
This conclusion helps to clarify the interpretation of the results from previous functional studies with Lys%*-PLA # s. Chemical modification of the His%) residue with 4-bromophenylacyl bromide in several Lys%*-PLA # s reduces both the myotoxic and Ca# + -independent membrane-damaging activities [49, 50] . Our results demonstrate that these effects are not due to the elimination of catalytic activity, but to as-yet-unidentified structural changes induced by the chemical modification [51] . In contrast, experiments demonstrating fatty acid release in cell cultures treated with Lys%*-PLA # s have been interpreted either as the effect of hydrolysis of specific substrates found in biological membranes or activation of endogenous PLA # [45, 52] . A specific hydrolytic activity towards 1-stearoyl-2-arachidonyl-sn-glycero-3-phosphocholine (ASPC) by several Lys%*-PLA # s has been reported previously [18, 19] , and therefore the catalytic activities of both the native and recombinant wild-type BthTx-I were measured using this substrate. Under the same conditions as described for EYPC, the native BthTx-I demonstrated very low levels of Ca# + -dependent activity against ASPC, whereas no activity was detected with the recombinant wild-type BthTx-I (results not shown). These results demonstrate that the low level of phospholipid hydrolysis observed with the native protein is not due to an inherent Ca# + -dependent catalytic activity of BthTx-I. Crude extracts of B. jararacussu venom contain a complex mixture of at least four Asp%*-and Lys%*-PLA # s [32] , and we therefore suggest that the low level of catalytic activity observed in the native BthTx-I purified from this mixture is due to trace impurities of one or more catalytically active Asp%*-PLA # s. Although our data do not exclude the possibility of hydrolytic activity of the native BthTx-I against a specific substrate in i o, the present study suggests that the fatty acid release observed in cell culture is due either to Asp%*-PLA # contamination of the samples used or to endogenous PLA # activation. Nonetheless, our results demonstrate unambiguously that hydrolysis does not have a role in either the myotoxic or the Ca# + -independent membrane-damaging activities.
The effects on the myotoxic and Ca# + -independent membranedamaging activities of site-directed mutagenesis in the C-terminal region of BthTx-I provide further insights into the biological activities of the Lys%*-PLA # s. We have suggested previously that conformation changes in the BthTx-I dimer may alter the position of the C-terminal loop of the membrane-bound form of the protein, resulting in disruption of the lipid bilayer [23] . The reduced Ca# + -independent membrane-damaging activity of the Lys"##Ala mutant supports this model, and demonstrates the importance of the C-terminal region in this mechanism. Although the C-terminal loop regions of many snake venom PLA # s are rich in cationic residues, the Ca# + -independent membrane-damaging appears to be unique to the Lys%*-PLA # s, which suggests that the interaction of this region with the membrane is a specific event which is determined by defined structural motifs in the protein. The concept of defined structural motifs in the C-terminal region is supported by the observation of a reduced activity of the Lys"##Ala mutant in i o, which suggests that this residue participates in a motif that acts as a structural determinant of myotoxic activity in the Lys%*-PLA # s. This suggestion is in agreement with reports demonstrating the neutralization of myotoxicity of myotoxin-II, a Lys%*-PLA # from B. asper, by monoclonal antibodies against the C-terminal region [53] , and the observation that C-terminal peptides from the same protein display myotoxic activity [54] . It is noteworthy that both the myotoxic and Ca# + -independent membrane activities are lowered in the Lys"##Ala mutant, and further mutagenesis studies of the C-terminal region are currently in progress to evaluate whether these two activities are correlated.
In conclusion, we have presented evidence demonstrating the absence of catalytic activity of the BthTx-I either in itro or in i o, and that the myotoxic and Ca# + -independent membranedamaging activities are therefore independent of direct phospholipid hydrolysis by this protein. Furthermore, no evidence was found to support a role for activation of the BthTx-I via an interrupted catalytic cycle. Our results suggest that additional structural factors resulting from the presence of other unique substitutions in the active-site region in Lys%*-PLA # s [12, 55, 56] contribute to the loss of catalytic function ; however, the structural basis of the lack of catalytic function in the Lys%*-PLA # s remains obscure. Nonetheless, the mutagenesis results support a model [23] in which the C-terminal region is implicated in the Ca# + -independent membrane damaging mechanism, and indicates further a structural role for this region in the determination of myotoxic activity. 
